We report the discovery of a novel group of highly conserved DNA sequences located within the Intergenic regions of the chromosomes of Escherichia coll, Salmonella typhimurium and other bacteria. These intergenic repeat units (IRUs) are 124-127 nucleotides long and have the potential to form stable stem-loop structures. The location of these sequences within the intergenic regions is variable with respect to known or putative signals for transcription and translation of the flanking genes. Some of the IRU sequences are transcribed, others are probably not. The structure and possible functions of these sequences are discussed in relation to palindromic units and other repeated DNA sequences in bacteria.
INTRODUCTION
The intergenic regions of bacterial chromosomes, and indeed most organisms, contain specific sequences required for control of transcription and translation. These sequences include transcriptional promoters and terminators, translational start and stop signals and binding sites for regulatory proteins. In Escherichia coli and Salmonella typhimurium these intergenic regions also contain other conserved structures whose functions have not been fully characterised. One interesting example of this latter group is the /ralindromic unit (PU) or repetitive extragenic palindromic (REP) sequence (1, 2, 3) . These PU sequences constitute a family of repetitive sequences of about 35 nucleotides that exhibit dyad symmetry (3, 4) . Between 500 and 1000 copies of the PU sequence are thought to occur on the chromosomes of E. coli and 5. typhimurium, occupying about 1% of the genome (5) . PU sequences are always found in transcribed sequences, either located within an intergenic region of an operon or in the 3'-untranslated sequences of a transcription unit (2, 4) .
Palindromic units have been postulated to play a role in transcriptional termination or as sites for processing by RNase HI. These theories have been discounted, although in certain circumstances PU sequences may well function as terminators (5, 6) . Recently it has been shown that the presence of PU sequences in mRNA constitutes a barrier to 3' -5' exonuclease digestion, thus stabilising the message and consequently increasing upstream gene expression (6, 7, 8, 9, 10) . However, Gilson et al. (4) have pointed out that this function does not require the high degree of sequence homology observed for PU (of the 170 known E. coli PU sequences 80% of nucleotides match the consensus). Recent studies have suggested that this sequence homology is required for binding of specific proteins. DNA gyrase, DNA polymerase I and F8 (an unidentified complex of 5 proteins) all bind to PU in vitro (11, 12, 13) . These studies led to the proposal that PUs are involved in folding of the bacterial nucleoid into independent supercoiled looped domains (4, 13) .
In this paper we describe a novel, highly conserved DNA element located in the intergenic regions of the chromosomes of E. coli, S. typhimurium and other bacteria.
RESULTS
The intergenic repeat unit (IRU) we describe here was discovered during analysis of the DNA sequence downstream of the tls locus of E. coli (14) . A computer search of the DNA sequence database (GeneBank release 63) identified seventeen bacterial sequences that showed a high degree of similarity to 3' end of the tls sequence. Eight of these were from E. coli, five from 5. typhimurium, two from Yersinia pseudotuberculosis, and one each from Vibrio cholerae and Klebsiella pneumoniae ( Table 1) . The optimal alignment of all eighteen sequences is shown in Fig.  1 . The alignment revealed a very high degree of sequence similarity extending over 127 nucleotides. Several of the sequences appear to have suffered extensive deletions while the initial sequence identified downstream of tls is incomplete.
Examination of the 124-127 bp elements shown in Figure 1 revealed in each case several inverted repeat sequences that could lead to the formation of a stable stem-loop with an axis of symmetry (boxed in Fig. 1 ) centred around an AT rich core. AG values for the putative stem-loop structures are shown in Table 1 . The proposed secondary structure of the IRU from the E. coli aceF-lpd intergenic region is shown in Figure 2 . In each case the inverted repeat is best conserved in the central 40 bp section of the sequence with both the paired and unpaired regions of the putative stem being preserved. In addition to the high sequence similarity and the potential to form similar secondary structures, all the sequences show a high percentage of purines in the single-stranded loop regions of the putative stem (Table 1) . The sequences identified are from Escherichia coli K-12 (Eco), Salmonella typhimurium {Sty), Vibrio cholerae (Vch), Yersinia pseudotuberculosis (Yps), or Klebsieliapneumoniac (Kpn). Where known, the genes flanking the IRU are shown along with the map location in minutes. Free energy (AG) values were calculated using the estimations of Tinico et al. (46) . Revised rules for the calculation of stem-loop free energy gave very similar results (47, 48) . The percentage identity to the consensus and the values for the percentage of purines in single-stranded regions of the putative stem were calculated from the sequences shown in Figure 1 . Sequences marked with an asterisk are shown in reverse complement in Figure 1 . The database searches were conducted using microcomputer software packages from DNASTAR Ltd.
The positions of the IRUs relative to the flanking genes and their transcriptional control signals, where these are known, are shown in Figure 3 . Most are located between genes in operons, but their position relative to promoters and terminators is variable and it is not clear whether they are all transcribed. In the case of the E. coli rpsB-tsf and narK-G regions, the IRUs are clearly transcribed. However, the IRU in the 5. typhimurium topA-cysB region is located downstream of what appears to be a strong terminator, while the IRUs found in the metE-R regions of both E. coli and 5. typhimurium are located between the divergently transcribed metE and metR genes.
Several of the genetic regions containing an IRU have been sequenced in both E. coli and 5. typhimurium. The metE-R region in both organisms contains an IRU at the identical location. However, this is the only case so far where this is true. In E. coli the sequences corresponding to the S. typhimurium topA-cysB, cysJIH and rpsU-dnaG regions are missing a section of DNA that corresponds precisely to the IRU (15, 16, 17) . The glnA-L (ntrB) operon has been sequenced in S. typhimurium, E. coli K-12 and Klebsielia pneumoniae (18, 19, 20) . The major difference between the three operons is the presence of an IRU in the S. typhimurium sequence which is completely deleted in K. pneumoniae and replaced in E. coli by two overlapping palindromic units. The rplA region has been sequenced in Proteus vulgaris and in the archaebacterium Halobacterium marismortui (21, 22) . Neither sequence contains an IRU at the position found in the E. coli rplA region.
The alignment shown in Figure 1 indicates that a 25 bp sequence near the middle of the IRU in the K. pneumoniae Jim region has been deleted. A slightly larger region in the centre of the IRU in the Y. pseudotuberculosis pelY region appears to have been replaced by an unrelated sequence. The sequences in the E. coli hisT-dedA and Y. pseudotuberculosis inv regions are included because of their high sequence similarity to the 3' end of the IRU consensus. Whether or not they are residual fragments of IRU sequences is uncertain.
DISCUSSION
The analysis presented in this paper has revealed the presence of a novel palindromic DNA sequence in the chromosomes of E. coli, S. typhimurium and other bacteria. Like PU or REP sequences, these IRU sequences are found in the intergenic regions within and between operons and appear capable of adopting a stable secondary structure. They differ from PU sequences in that they are much longer and are not restricted to the 3' transcribed regions of genes. In addition, although not as numerous as PU sequences, they are found in bacteria other than E. coli and 5. typhimurium.
What function, if any, could these sequences have? Many are found within large multigene operons, which raises the possibility that they may regulate expression of the associated genes. An et al. (23) observed the potential structure of an IRU in the E. coli rpsB-tsf intergenic region and suggested that it could be cleaved in mRNA by RNase HI. Analysis of a defined RNase in cleavage site revealed ribosome binding sites close to the cleavage position. McConnell (24) suggested that binding of ribosomes to the mRNA 5' to the cleavage site could modulate the rate of transcriptional termination. Many of the IRUs do contain sequences that match the consensus (AGGAGG) for ribosome binding (25) . Indeed, this may account for the high conservation of purines in single-stranded regions. However, from the locations of the IRUs identified here it is not certain that they are all transcribed. Also, in several cases the IRU is in the non-coding strand for the adjacent operon. Therefore, while IRUs and RNase HI cleavage sites are similar in their (proposed) secondary structures, though not in their primary sequence, we do not believe that the IRUs are processed by RNase HI. This 
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conclusion is supported by the observation that RNase IE cleavage sites are detectable in the mRNA corresponding to the dnaGrpoD and rplL-rpoB intergenic regions, but not at the sites of the IRUs (see Fig. 3 ).
In those cases where the IRU is clearly transcribed, a stemloop could no doubt be formed in the mRNA. This structure could interfere with ribosome binding and thereby affect translation. There is a secondary stucture with this property in the mRNA of the E. coli rplA-J region (26) , but it is distinct from the IRU also found in this interval. The IRU structure could also protect the 3' end of the message from exoribonuclease digestion, as is the case with PU sequences (7, 8, 9) , and increase expression of the upstream gene(s). The fact that in the glnA-L region the IRU in S. typhimurium is replaced in E. coli by two palindromic units provides some support for this possibility.
An alternative possibility for IRUs is that they provide sequence or structural signals within the DNA itself. These signals could be recognised by a specific protein or complex of proteins involved in DNA metabolism, or may provide sites that are used to organise the chromosome within the nucleoid, as has been suggested for PU sequences (4, 13) .
The search of the DNA sequence database revealed nine IRUs among the E. coli entries. Given that approaching 25% of the genome has been sequenced (27) , we predict that the E. coli chromosome contains some 30-50 of these IRUs in total. Their frequency may be higher in other bacteria, but the number of database entries is too low to make accurate predictions. The IRU sequences identified are from Gram negative organisms, all but one of which are members of the Enterobacteriaceae. Since there is an IRU at the identical location within the metE-metR intergenic regions of E. coli and S. typhimurium we assume that sequences of this type must have been present in the evolutionary lineage that gave rise to both of these organisms. The presence of IRUs at certain locations in S. typhimurium but not at the equivalent locations in E. coli demonstrates that these sequences subsequently moved to new locations in the Salmonella lineage or were deleted in the Escherichia coli lineage. It also suggests that the presence of an IRU is not essential for the proper function of the operon in these cases. If the IRUs have been deleted from E. coli then it follows that the deletion events were very precise. The mechanism by which these palindromic IRUs have spread is not clear. They do not appear to be related to any other repeated elements such as insertion sequences, transposons, or structural RNA genes (28, 29, 30, 31) . They are too small to encode a transposase that could mediate their transposition. However, they could be relics of transposable elements or DN A sequences that were spread by functional transposable elements acting in trans, though there is no hint of the target site duplication normally associated with transposition. If they are just relics, then it is perhaps surprising that they have been retained in the bacterial lineage that gave rise to both Escherichia coli and Vibrio cholerae, especially with such a high sequence identity. The evolution of bacterial genomes has been linked with duplications, inversions and other rearrangements (31, 32) . These events are often linked with repeated DNA elements. While we have not been able to link IRUs with any known or postulated rearrangements in E. coli or Salmonella (32), it is possible that they do affect genome stability by promoting such rearrangements or by providing hot-spots for recombination. The partial IRU sequences detected in E. coli and Y. pseudotuberculosis provide support for this view.
